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METHOD FOR THE FORMATION OF PARTICLES 

Field of the invention 

This invention relates to a method for the formation of particles of a target 
substance, using a supercritical or near-critical fluid as an anti-solvent. 

Background to the invention 

Methods are already known in which a supercritical fluid is used as an anti- 
solvent to precipitate particles of a substance of interest from solution or suspension. 
One such method is known as "SEDS" ("Solution Enhanced Dispersion by 
Supercritical fluids") and is disclosed in WO-95/01221. In SEDS, a target substance 
is dissolved or suspended in an appropriate vehicle, and the solution or suspension 
then co-introduced into a particle formation vessel with a supercritical anti-solvent 
fluid in which the vehicle is soluble. The co-introduction is effected in a particular 
way, to ensure that: 

- both the solution/suspension and the supercritical fluid enter the vessel at 
substantially the same point, which is also the same or substantially the same as the 
point where they meet; and 

- in the region where the fluids meet and enter the vessel, the mechanical 
energy of the supercritical fluid serves to disperse the solution/suspension (ie, to break 
it up into individual fluid elements) at the same time as the supercritical fluid extracts 
the vehicle so as to cause particle formation. 

Thus, in SEDS, the supercritical fluid serves not only as an anti-solvent but 
also as a mechanical dispersing agent. The simultaneity of fluid contact, dispersion 
and particle formation provides a high degree of control over the physicochemical 
properties of the particulate product. 

One particular embodiment of SEDS is described in WO-96/00610. The target 
substance is dissolved or suspended in a first vehicle, and the solution/suspension is 
then contacted, either at or immediately prior to its contact with the co-introduced 
anti-solvent, with a second vehicle. The second vehicle must be soluble in the anti- 
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solvent but the first need not be, since both vehicles are extracted together into the 
anti-solvent. This embodiment widens the applicability of the basic SEDS technique 
to further target substances and vehicles: a first vehicle may be used which would not 
otherwise be extractable into the chosen anti-solvent but which is compatible with the 
target substance, and a second vehicle may be used which, although extractable into 
the anti-solvent, is less compatible with the target substance. 

The method disclosed in WO-96/00610 requires the first ancTsecond vehicles 
to be miscible with one another. This naturally constrains the choice of vehicle pairs 
available for use with any given target substance and anti-solvent. 

The present invention aims to provide an alternative method for particle 
formation, embodiments of which can be used to widen the choice of useable target 
substance/vehicle/anti-solvent combinations. 

Statements of the invention 

According to the present invention there is provided a method for forming 
particles of a target substance, the method comprising (a) co-introducing into a 
particle formation vessel, the temperature and pressure in which are controlled, an 
anti-solvent fluid which is either a supercritical or a near-critical fluid; a solution or 
suspension of the target substance in a first vehicle (the "target solution/suspension"); 
20 and a second vehicle which is soluble or substantially soluble in the anti-solvent fluid; 

and (b) using the anti-solvent fluid to disperse the target solution/suspension and the 
second vehicle, and to extract the vehicles, substantially simultaneously and 
substantially immediately on introduction of the fluids into the particle formation 
vessel, wherein the second vehicle is immiscible with the first vehicle, and wherein 
contact between the target solution/suspension and the second vehicle occurs a 
sufficiently short period of time before their dispersion by the anti-solvent fluid, and 
with sufficient physical mixing, as to allow only insignificant, if any, phase separation 
to occur between the two vehicles between their contact with one another and their 
dispersion. 

Ideally, contact between the target solution/suspension and the second vehicle 
occurs either substantially simultaneously with, or immediately, before, dispersion of 
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the two vehicles by the anti-solvent fluid. 

The method of the present invention is therefore a modified version of that 
disclosed in WO-96/00610. However, whereas WO-96/00610 emphasises throughout 
that the first and second vehicles should be miscible with one another, in order that 
both may be extracted into the anti-solvent together, we have now surprisingly found 
that immiscible vehicle pairs may be used in an analogous fashion, and can still be 
extracted together into a suitable supercritical or near-critical anti-solvent. Other prior 
art particle formation techniques which make use of supercritical or near-critical fluid 
anti-solvents also fail to recognise that immiscible vehicles may be paired together. 

The invention can thus widen the choice of vehicle pairs available for any 
given target substance(s) and anti-solvent in a SEDS process. In addition, it can help 
to reduce or eliminate so-called solvent/anti-solvent effects that can arise when using 
two vehicles together. A given target substance may, for instance, be highly soluble in 
the first vehicle but only sparingly soluble in the second. The immiscibility of the two 
vehicles, in the method of the present invention, means that the second cannot to any 
significant degree act as an anti-solvent for the target substance, thus avoiding 
nucleation of the target prior to contact with the anti-solvent (which might otherwise 
take place upstream of the particle formation vessel, causing apparatus blockages). 

Contact between the target solution/suspension and the second vehicle must 
not occur too long before they contact the anti-solvent fluid, otherwise the two 
immiscible vehicles can separate into distinct phases leading to inhomogeneous fluid 
flows and loss of control over the particle formation process. Any such phase 
separation should be on a sufficiently small scale, and occur for a sufficiently short 
period of time, that the anti-solvent still in effect (ie, under the timescales used) 
disperses a uniform mixture of the target solution/suspension and the second vehicle. 
Thus, the contact preferably occurs either within the fluid inlet means (such as a 
nozzle) used to introduce the fluids into the particle formation vessel, or at or 
immediately before the point of entry of the vehicles into the inlet means. More 
preferably contact occurs within the fluid inlet means, even more preferably at or near 
its outlet. 

The term "immiscible", as used herein, means that the two fluids are not, in at 



least some relative proportions, miscible with one another, ie, in at least some 
proportions they will form a two-phase rather than a single-phase mixture (given an 
appropriate amount of standing time). The solubility of the first vehicle in the second 
may for instance be 5% v/v or lower, even 1% v/v or lower. Preferred first/second 
5 vehicle combinations are those which are immiscible in all or substantially all 

proportions. 

The term "substantially", when applied to a condition, is meant to encompass 
the exact condition (eg, exact simultaneity) as well as conditions which are (for 
practical purposes, taking into account the degree of precision with which such 
1 0 conditions can be measured and achieved) close to that exact condition, and/or which 

are similar enough to that exact condition as to achieve, in context, the same or a very 
similar effect. 

In particular, the term "substantially soluble", as it relates to the second vehicle 
and the anti-solvent fluid, encompasses the situations where the former is very soluble 

1 5 or freely soluble in the latter (these terms being analogous to those defined in the 

British Pharmacopoeia 1999, Volume 1, pages 1 1 and 21, although under the relevant 
operating conditions. The requirement for the second vehicle to be soluble or 
substantially soluble in the anti-solvent fluid may alternatively be seen as a 
requirement for the two fluids to be miscible or substantially miscible with one 

20 another. By "miscible" is meant that the two fluids are miscible in all proportions, 

and "substantially miscible" encompasses the situation where the fluids can mix 
sufficiently well, under the operating conditions used, as to achieve the same or a 
similar effect, ie, dissolution of the fluids in one another and precipitation of the target 
substance. 

25 "Substantially simultaneously" and "substantially immediately", referring to 

the timing of fluid contact events, imply sufficiently small time intervals (for instance, 
between the anti-solvent fluid contacting the vehicles, and the fluids entering the 
particle formation vessel) as preferably to eliminate, or substantially eliminate, the 
risk of particle formation occurring upstream of the particle formation vessel. The 

30 timing of the contact between the target solution/suspension and the second vehicle, 

relative to that of their dispersion by the anti-solvent fluid, will depend on the nature 
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of the fluids (in particular the degree of immiscibility of the two vehicles), the target 
substance and the desired end product, as well as on the size and geometry of the 
particle formation vessel and the fluid inlet means and on the fluid flow rates. The 
contact may occur within about 0.001-10 seconds, more preferably within about 0.01- 
5 5 seconds, most preferably within about 0.01-1 second, of the dispersion. 

"Substantially polar" encompasses polarities of 3 or higher, preferably 4 or 
higher, more preferably 5 or higher (see "Burdick & Jackson Solvent Guide, 3rd Edn", 
Burdick & Jackson, Michigan USA, 1990). "Substantially non-polar" encompasses 
polarities of less than 3, preferably 2 or less, more preferably 1 or less. 
1 0 A 11 references to solubilities, miscibilities and polarities are to the relevant 

fluid characteristics under the operating conditions used, ie, under the chosen 
conditions of temperature and pressure and taking into account any modifiers present 
in the fluids. 

As used herein, the term "supercritical fluid" means a fluid at or above its 
1 5 critical pressure (P c ) and critical temperature (TJ simultaneously. In practice, the 

pressure of the fluid is likely to be in the range (1.01 - 9.0)P C , preferably (1.01 - 7.0)P C , 
and its temperature in the range (1.01 - 4.0)T C (measured in Kelvin). However, some 
fluids (eg, helium and neon) have particularly low critical pressures and temperatures, 
and may need to be used under operating conditions well in excess of (such as up to 
20 200 times) those critical values. 

The term "near-critical fluid" encompasses both high pressure liquids, which 
are fluids at or above their critical pressure but below (although preferably close to) 
their critical temperature, and dense vapours, which are fluids at or above their critical 
temperature but below (although preferably close to) their critical pressure. 

By way of example, a high pressure liquid might have a pressure between 
about 1.01 and 9 times its P c , and a temperature between about 0.5 and 0.99 times its 
T c . A dense vapour might, correspondingly, have a pressure between about 0.5 and 
0.99 times its P e , and a temperature between about 1.0 1 and 4 times its T c . 

The terms "supercritical fluid" and "near-critical fluid" each encompass a 
mixture of fluid types, so long as the mixture is in the supercritical or near-critical 
state respectively. 
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The term "vehicle" means a fluid which is able to carry a solid or solids in 
solution or suspension. A vehicle may be composed of one or more component fluids. 
Both first and second vehicles may be soluble (or substantially soluble) in the chosen 
anti-solvent fluid, although it is only essential that the second vehicle has this 
characteristic. Either vehicle may contain, in solution or suspension, other materials 
apart from the target substance. 

The terms "supercritical solution" and "near-critical solution" mean 
respectively a supercritical or a near-critical fluid together with one or more vehicles 
which it has extracted and dissolved. The solution should itself still be in the 
supercritical or near-critical state, as the case may be, at least within the particle 
formation vessel. 

The terms "disperse" and "dispersion" refer generally to the transfer of kinetic 
energy from one fluid to another. They usually imply the formation of droplets, or of 
other analogous fluid elements, of the fluid to which the kinetic energy is transferred, 
typically of the target solution/suspension and/or of a vehicle. 

The present invention relies on the mixing of the target solution/suspension, 
before or substantially simultaneously with its dispersion by the anti-solvent fluid, 
with a second vehicle specially chosen to be soluble in, or miscible with, the anti- 
solvent. On contact with the anti-solvent, the first vehicle is able to dissolve into the 
anti-solvent with the second vehicle, even if the first vehicle is not itself soluble in the 
anti-solvent. In other words, the two vehicles may effectively be extracted together by 
the anti-solvent to form a supercritical or near-critical solution. 

In the case where the first vehicle is less than substantially soluble in the anti- 
solvent fluid (for instance, it has a solubility of 2 or even 1 mole % or less in the anti- 
solvent), the present invention can make use of a "dilution" of the target 
solution/suspension in a relatively large amount of the second vehicle; in this case 
there is therefore preferably an excess of the second vehicle over the first, at their 
point of contact with the anti-solvent fluid. 

The method of the invention can retain all the advantages of the methods 
described in WO-95/01221 and WO-96/00610. It can provide the opportunity for 
manufacturing dry particulate products with highly controlled particle size, shape and 




other physicochemical characteristics. 

The simultaneous co-introduction of the target solution/suspension, the second 
vehicle and the anti-solvent fluid, into the particle formation vessel, allows a high 
degree of control over operating parameters such as temperature, pressure and fluid 
5 flow rates, at the exact point when the fluids come into contact with one another and 

hence at the point of actual particle formation. Importantly, the anti-solvent acts both 
to disperse and to extract the two vehicles, as well as to ensure their thorough mixing 
- because of this, controlling the relative flow rates of the fluids into the particle 
formation vessel allows accurate control over the size of the fluid elements formed on 
1 0 dispersion of the vehicles, and hence of the particles formed substantially 

simultaneously by extraction of the vehicles into the anti-solvent fluid. 

The target substance may be any substance which needs to be produced in 
particulate form. Examples include pharmaceuticals; pharmaceutical excipients such 
as carriers; dyestuffs; foodstuffs; coatings; agrochemicals; products of use in the 
1 5 ceramics, explosives or photographic industries; etc. . . It may be organic or inorganic, 

monomelic or polymeric. It may in particular be a hydrophilic material such as a 
sugar, protein or enzyme. 

In a preferred embodiment of the invention, the target substance is for use in or 
as a pharmaceutical. 

The target substance will typically (although not always) either be or comprise 
a substance which is soluble or substantially soluble only in vehicles which are 
themselves substantially insoluble in the chosen anti-solvent fluid. It may be a 
substance which, though soluble in an appropriate anti-solvent-soluble vehicle, would 
be in some way incompatible with that vehicle. It is preferably, however, soluble or 
25 substantially soluble in the first vehicle, preferably having a solubility in it of 1 0" 4 

mole % or greater. It may even be soluble, at least to a degree, in both the first and the 
second vehicles. 

The target substance may be in a single or multi-component form (eg, it could 
comprise an intimate mixture of two materials, or one material in a matrix of another, 
30 or one material coated onto a substrate of another, or other similar mixtures). The 

particulate product, formed from the target substance using the method of the 
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invention, may also be in such a multi-component form - such products may be made 
from solutions/suspensions containing only single component starting materials, 
provided the solutions/suspensions are co-introduced with the anti-solvent fluid in the 
correct manner. The particulate product may comprise a substance formed from an in 
situ reaction (ie, immediately prior to, or on, dispersion by the anti-solvent) between 
two or more reactant substances each carried by an appropriate vehicle. 

The method of the present invention is particularly suitable for co-precipitating 
two or more target substances, such as for example two pharmaceuticals intended for 
co-administration, or a pharmaceutical together with a polymer carrier matrix (many 
such polymers are water soluble, and the present invention allows the use of an 
aqueous first vehicle even though water is insoluble in, for instance, the common anti- 
solvent supercritical carbon dioxide). To perform such co-precipitations, target 
substance(s) may be carried in the second vehicle and/or the anti-solvent fluid, as well 
as in the first vehicle. 

The anti-solvent fluid is preferably a supercritical fluid. It may for instance be 
carbon dioxide, nitrogen, nitrous oxide, sulphur hexafluoride, xenon, ethylene, 
chlorotiifluoromethane, ethane, trifluoromethane or a noble gas such as helium or 
neon, in an appropriate condition with respect to its critical temperature and pressure. 
A particularly preferred anti-solvent is carbon dioxide, more preferably supercritical 
carbon dioxide, due to its relatively low cost, toxicity, flammability and critical 
temperature. 

It must be capable of acting as an anti-solvent for the target substance. 
Therefore, although it must be miscible or substantially miscible with the second 
vehicle so that it can extract the vehicle mixture, it must not at that point extract or 
dissolve the target substance as particles are formed. In other words, it must be 
chosen so that the target substance is for all practical purposes (in particular, under the 
chosen operating conditions and taking into account any fluid modifiers present) 
insoluble or substantially insoluble in it. Preferably the target substance is less than 
10' 3 mole %, more preferably less than 10 s mole %, soluble in the anti-solvent fluid. 

The anti-solvent fluid may optionally contain one or more modifiers, for 
example water, methanol, ethanol, isopropanol or acetone. A modifier (or co-solvent) 
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may be described as a chemical which, when added to a fluid such as a supercritical or 
near-critical fluid, changes the intrinsic properties of that fluid in or around its critical 
point, in particular its ability to dissolve other materials. When used, a modifier 
preferably constitutes not more than 40 mole %, more preferably not more than 20 
5 mole %, and most preferably between 1 and 10 mole %, of the anti-solvent fluid. 

The choice of first and second vehicles in any particular case will depend on 
the nature of the target substance and the anti-solvent fluid, and on other practical 
criteria including those governing the desired end product. Either vehicle may 
comprise a mixture of two or more fluids which together have the necessary 
10 characteristics (such as solubility, miscibility and polarity) vis-a-vis the target 

substance and the other fluids involved. The choice of a suitable combination of anti- 
solvent fluid, modifier (where desired) and vehicles for any desired product will be 
well within the capabilities of a person of ordinary skill in the art. 

Examples of suitable immiscible first/second vehicle pairs include 1-butanol 
and water, water and ethyl acetate, methanol and n-pentane, ethyl ether and DMSO, 
ethylene glycol and 1,2-dichloroethane, glycerol and 3-pentanone, glycerol and ethyl 
acetate and water and dichloromethane. 

In the method of the invention, the target substance and the first vehicle may 
be substantially polar, and the second vehicle substantially non-polar. In contrast, a 
substantially non-polar substance may be dissolved in a substantially non-polar first 
vehicle, the second vehicle then being substantially polar. These two sets of 
conditions are of particular use when the second vehicle acts as an anti-solvent for the 
target substance, ie, when the target substance carried in the first vehicle is /nsoluble, 
or substantially so, in the second vehicle. 

In such a case, if the first and second vehicles are not completely immiscible 
with one another, the second vehicle can help to cause precipitation of the target 
substance on contact with the target solution/suspension. The second vehicle may 
then contain a "seed" of the target substance, or indeed of any other suitable material 
(insoluble in the second vehicle), to induce nucleation of the target substance when 
the second vehicle comes into contact with the target solution/suspension. The seed 
may be, for example, a pharmaceutically acceptable carrier where the target substance 
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is a pharmaceutical, or it may itself be a pharmaceutically active material, to be coated 
with a substance, such as a taste-masking agent, which is precipitated out of the first 
vehicle onto the seed. 

When carrying out this version of the invention, the various fluids should be 
5 introduced into the particle formation vessel in such a way that the second vehicle and 

the target solution/suspension contact one another before, and preferably immediately 
before, their contact with the anti-solvent fluid. The target solution/suspension should 
also, generally, be highly saturated. The second vehicle, when it contacts the target 
solution/suspension, dramatically increases the supersaturation ratio of the resultant 

10 mixture, causing the formation of embryos or nucleation sites which can act as centres 

of crystallisation for the target substance. After and preferably immediately after this, 
the mixture (containing growing particle embryos) is dispersed by the anti-solvent 
fluid, and simultaneously the two vehicles are rapidly extracted into the anti-solvent, 
leading to the formation of a dry particulate product. This allows a high level of 

1 5 control over the growth of the particles and hence over their ultimate physicochemical 

characteristics. 

As mentioned previously, if the first vehicle is less than substantially soluble 
in the anti-solvent fluid, there is preferably an excess of the second vehicle at the point 
of its contact with the first. This can be achieved, for instance, by appropriate 
20 selection of flow rates for the two vehicles on their introduction into the particle 

formation vessel. 

However, generally speaking the relative amounts of first and second vehicles 
used will depend on the natures of all the fluids involved, the operating conditions, the 
nature of the target substance and the desired product characteristics. The molar ratio 
25 of the two vehicles at the point of particle formation may range, for instance, between 

1 :99 and 99: 1 . It must of course be chosen so that the two vehicles are still 
extractable, together , into the anti-solvent fluid so it will depend in particular on the 
solubilities of the vehicles in the anti-solvent under the chosen operating conditions. 
It may also be desirable to use the minimum possible amount of the first 
30 vehicle to solvate the target substance so as to create a single phase solution. 

The amounts of the vehicles used, and their relative flow rates, may also 
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depend on whether it is intended that some of the vehicle(s) remain in the final 
particulate product. For instance, if the first vehicle were water, then the amount used 
could affect whether the target substance were precipitated in an anhydrous form, or in 
the form of its monohydrate, dihydrate, or whatever. Thus, the concentration of the 
5 first, or indeed the second, vehicle in the eventual mixture of vehicles may be used to 

control "doping" of the final particulate product with vehicle "impurities". The 
invention allows a high degree of control over the residual'vehicle content of the 
product. 

In certain cases, the amount of the first vehicle (for instance, water) used may 
1 0 also determine which crystalline form of the target substance is formed. 

When carrying out the present invention, the conditions in the particle 
formation vessel must generally be such that the anti-solvent fluid, and the 
supercritical or near-critical solution which is formed when it extracts the two 
vehicles, both remain in the supercritical/near-critical form whilst in the vessel. For 
1 5 the supercritical/near-critical solution, this means that at least one of its constituent 

fluids (usually the anti-solvent fluid, which in general will be the major constituent of 
the mixture) should be in a supercritical or near-critical state at the time of particle 
formation. There should at that time be a single-phase mixture of the two vehicles 
and the anti-solvent fluid, otherwise the particulate product might be distributed 
20 between two or more fluid phases, in some of which it might be able to redissolve. 

This is why the anti-solvent fluid needs to be miscible or substantially miscible with at 
least the second vehicle. 

Provided such conditions are applied, extraction of the vehicles is then 
effectively immediate when the target solution/suspension and second vehicle contact 
25 the anti-solvent. This allows the rapid formation of a pure, dry particulate product. 

The operating temperature and pressure (ie, within the particle formation 
vessel) and the fluid flow rates needed to achieve this situation will depend on the 
natures of the fluids involved (in particular, their P e and T c values and their solubility 
and miscibility curves) but will also be affected by the characteristics desired of the 
particulate end product, for instance a high yield, or a certain particle size or shape or 
purity. If for instance the objective is a high product yield, then it might be preferable 
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(when using a supercritical fluid anti-solvent) to maintain the pressure inside the 
particle formation vessel substantially in excess of the anti-solvent P c (for instance, 
between 4 and 9 times the P c , say 100-300 bar for carbon dioxide) whilst the 
temperature is only slightly above the T c (for instance, between 1.01 and 2 times the 
5 T c> say 40-60°C for carbon dioxide). 

If however the objective is smaller particles with a narrower size distribution, 
then (subject to the constraints imposed by the relevant P c and T c values) higher 
temperatures (eg, between about 2 and 4 times the T c ) may be preferred for the anti- 
solvent fluid, since they lower its viscosity and can hence improve its dispersing effect 

10 on the other fluids. 

For some target substances, the product morphology can be heavily influenced 
by the state of the anti-solvent fluid. For example, nicotinic acid particles prepared 
using the method of the invention, with supercritical carbon dioxide as the anti- 
solvent, will precipitate as rounded particles of about 100 micron average diameter 

15 when the anti-solvent is in a liquid-like phase (ie, at a relatively high pressure and low 

temperature with respect to its critical point), but as well-faceted, octagonal particles 
with an average diameter of less than 10 micron when the anti-solvent is more gas- 
like (higher temperature, lower pressure). 

A major advantage of the present invention is therefore its versatility, different 

20 product characteristics being achievable simply by varying the operating conditions. 

The flow rate of the anti-solvent fluid relative to those of the other fluids, and 
its pressure and temperature, should be sufficient to allow it to accommodate the 
vehicles (generally, the vehicles will represent no more than around 5% v/v of the 
anti-solvent fluid), so that it can extract them and hence cause particle formation. The 

25 anti-solvent flow rate should therefore generally be higher than those of the other 

fluids - typically, the ratio of the target solution/suspension flow rate to the anti- 
solvent flow rate (both measured at or immediately prior to the two fluids coming into 
contact with one another) will be 0.001 or greater, preferably between 0.01 and 0.2, 
more preferably between about 0.03 and 0.1. 

30 The flow rate of the anti-solvent fluid, relative to those of the other fluids, is 

particularly important because it acts to disperse the two vehicles. Its flow rate can 
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therefore affect the size and size distribution of fluid elements caused by the 
dispersion, and hence of the particles formed by extracting the vehicles from those 
fluid elements; a higher flow rate is preferred so as to generate correspondingly 
smaller fluid elements with a narrower particle size distribution. 
5 The anti-solvent flow rate will also generally be chosen to ensure an excess of 

the anti-solvent over the two vehicles when the fluids come into contact, to minimise 
the risk of the vehicles re-dissolving and/or agglomerating the particles formed. At 
the point of extraction of the two vehicles they may together constitute between 1 and 
80 mole %, preferably 50 mole % or less or 30 mole % or less, more preferably 
10 between 1 and 20 mole % and most preferably between 1 and 5 mole %, of the fluid 

mixture formed. 

Because the present invention is a modified version of that disclosed in WO- 
96/00610, technical features of the processes described in WO-96/00610 and its 
precursor WO-95/01221 (and also in the later but related document WO-98/36825) 
1 5 can apply also to the present invention. The three earlier documents are therefore 

intended to be read together with the present application. 

In particular, the fluids are preferably co-introduced into the particle formation 
vessel in the manner described in WO-95/01221, ie: 

(a) the anti-solvent fluid and the target solution/suspension both enter the 
20 vessel at the same or substantially the same point, which is the same or substantially 

the same as the point at which they meet; and 

(b) the fluid inlet used to co-introduce the fluids is arranged so that the 
mechanical energy (typically the shearing action) of the anti-solvent flow can facilitate 
intimate mixing of the fluids and also disperse them, and so that the anti-solvent can 

25 simultaneously extract the vehicles, at the point where the fluids meet. 

The vessel temperature and pressure are ideally controlled so as to allow 
particle formation to occur at or substantially at the point where the vehicle mixture 
meets the anti-solvent fluid. 

The fluid inlet may be of the type which allows "pre-filming" or "sheathing" of 
at least one of the fluids to occur, immediately prior to its dispersion by an impinging 
flow of another fluid introduced through the inlet means. For instance, the inlet 
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means can be used to cause pre-filming of the target solution/suspension, and/or of the' 
second vehicle, immediately prior to their dispersion by the anti-solvent fluid. This 
means that the dimensions of the inlet passages of the inlet means, and the relative 
positions of their outlets, must be such that a fluid entering through one passage is 
5 formed, as it reaches the outlet of that passage, into a thin film or sheath, by its contact 

with, say, the lip of an adjacent passage outlet. This film or sheath can then be 
stretched, and ultimately dispersed into separate fluid elements, when it comes into 
contact with an oncoming stream of a fluid in another inlet passage. Clearly, the 
thickness of the film or sheath, and hence the sizes of the fluid elements formed on 

10 dispersion, will depend to a large extent on the relative flow rates of the fluids, and 

also on the inlet passage dimensions. 

In one embodiment of the invention, the anti-solvent fluid and the target 
solution/suspension, and preferably also the second vehicle, are co-introduced into the 
particle formation vessel with concurrent directions of flow, preferably with coaxial or 

15 substantially coaxial flows, such as using a multi-passage coaxial nozzle. Such a 

nozzle has an outlet end communicating with the interior of the particle formation 
vessel, and two or more coaxial, conveniently concentric, passages which terminate 
adjacent or substantially adjacent one another at the outlet end, at least one of the 
passages serving to introduce a flow of the anti-solvent fluid into the particle 

20 formation vessel, at least one of the passages serving to introduce a flow of the target 

solution/suspension and preferably at least one of the passages serving to introduce a 
flow of the second vehicle. The three fluids may then be allowed to meet only at or 
immediately before the outlet end of the nozzle. 

Aspects of the construction and geometry of such a coaxial nozzle may be as 

25 described in WO-95/01221 or WO-96/00610. For instance, the opening at the outlet 

end (tip) of the nozzle will preferably have a diameter in the range of 0.005 to 5 mm, 
more preferably 0.05 to 2 mm, most preferably between 0. 1 and 0.5 mm, for instance 
about 0.1, 0.2, 0.3 or 0.35 mm. The angle of taper of the outlet end (with respect to 
the longitudinal axis of the nozzle) will depend on the desired velocity of the fluids 

30 introduced through the nozzle; a change in the angle may be used, for instance, to 

increase the velocity of the anti-solvent fluid and hence to increase the amount of its 
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physical contact with the target solution/suspension and the second vehicle, leading to 
more efficient fluid mixing. Typically, the angle of taper will be in the range 10° to 
60°, preferably between 10° and 50°, more preferably between 20° and 40°, and most 
preferably about 30°. Alternatively, the outlet need not be tapered at all. 

The nozzle may be made of any appropriate material, for example stainless 
steel. It may have three coaxial passages, an inner, an intermediate and an outer, to 
allow both vehicles, and the anti-solvent fluid, to be introduced separately into the 
particle formation vessel. However, the nozzle may have any appropriate number of 
coaxial passages, some of which may be used to introduce additional reagents. One or 
more of the passages may be used to introduce two or more fluids at the same time, 
and the inlets to such passages may be modified accordingly. 

As an example of this, the target solution/suspension may be introduced 
through one nozzle passage, whilst the anti-solvent fluid and the second vehicle are 
introduced together through another. Mixing of the two vehicles then occurs 
simultaneously with their dispersion and extraction by the anti-solvent. This may be 
effected using a two-passage nozzle or, using a nozzle having three or more passages, 
the target solution/suspension may be introduced between an inner and an outer flow 
of the anti-solvent/second vehicle mixture, which improves dispersion and mixing by 
exposing both sides of the target solution/suspension to the anti-solvent and second 
vehicle. 

The internal diameters of the coaxial passages may be chosen as appropriate 
for any particular case. Typically, for a three-passage nozzle, the ratio of the internal 
diameters of the outer and the inner passages may be in the range from 2 to 10, 
preferably between 2 and 5, more preferably between 3 and 4. The ratio of the 
internal diameters of the outer and intermediate passages may be in the range from 
1 .01 to 5, preferably between 1.2 and 3. For a two-passage nozzle, the ratio of the 
internal diameters of the outer and inner passages may be in the range from 1 to 10, 
preferably between 2 and 6, more preferably between 2 and 4. 

The outlets of two or more of the passages may be relatively staggered along 
the longitudinal axis of the nozzle, ie, one passage may terminate slightly upstream or 
downstream, in use, of another. The distance between the passage outlets should be 
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sufficient to ensure, within the nozzle, good physical contact between and efficient 
mixing of the fluids introduced through the relevant passages, and so may be affected 
by other operating conditions such as pressure, temperature, fluid densities and 
viscosities and their flow rates. Typical values are between about 0.05 and 10 mm, 
preferably between about 0.05 and 5 mm, more preferably between about 0.5 and 3.5 
mm, most preferably about 3 mm. 

As an example, the outlet of an inner passage may be located slightly upstream 
of that of a surrounding passage, to allow a degree of internal mixing between fluids 
introduced through the two passages. This may be useful for instance when the target 
substance is insoluble in the second vehicle, the internal mixing resulting in a degree 
of initial particle precipitation. The target solution/suspension and the second vehicle 
are introduced through the inner passage and surrounding passage in question. The 
anti-solvent fluid may then be introduced through a passage surrounding the two 
already mentioned, and will contact the mixture, causing dispersion and extraction to 
occur, downstream of the initial point of mixing. The relative flow rates of the fluids 
will determine how soon after mixing the two vehicles will be dispersed by the anti- 
solvent; typically, as explained above, very short time intervals will be desired. 

A nozzle having more than three coaxial passages may of course be used in 
this version of the invention. For instance, a nozzle having four or more passages may 
be used to introduce the target solution/suspension and the second vehicle (and 
preferably to cause their pre-filming), between an inner and an outer flow of the anti- 
solvent fluid. Again, the two passages carrying the target solution/suspension and the 
second vehicle may have staggered outlets, to allow pre-mixing to take place within 
the nozzle. 

A fluid inlet means of the type described in WO-98/36825 (which provides 
two impinging flows of anti-solvent fluid) may also be used in the method of the 
present invention. 

Control of parameters such as size, size distribution, shape and crystalline 
form in the particulate product will be dependent upon the operating conditions used 
when carrying out the method of the invention. Variables include the flow rates of the 
anti-solvent fluid and/or the target solution/suspension and/or the second vehicle, the 
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relative amounts of the two vehicles, the concentration of the target substance in the 
first vehicle, and (as discussed above) the temperature and pressure inside the particle 
formation vessel. The method of the invention preferably involves controlling one or 
more of these variables so as to influence the physicochemical characteristics of the 
particles formed. 

The fluid flow rates, together with the concentration of the target substance in 
the first vehicle, are ideally selected so as to minimise the risk of particle precipitation 
in, and hence blockage of, the fluid inlet or other upstream apparatus parts. For the 
same reason, back-flow of the anti-solvent fluid, into the supply line for the target 
solution/suspension or the second vehicle, is also ideally reduced or eliminated. This 
may be done for instance by installing a one-way valve in the target 
solution/suspension supply line and/or in the second vehicle supply line, upstream of 
and preferably immediately before the point of contact between the relevant fluid(s) 
and the anti-solvent. Instead or in addition, the supplied pressure of the target 
solution/suspension and/or of the second vehicle, to the particle formation vessel, may 
be maintained in excess of that of the anti-solvent fluid. It is also preferable to 
maintain the temperature of either or both of those two fluids, prior to their 
introduction into the particle formation vessel, in excess of that of the anti-solvent 
fluid. 

The fluids are ideally introduced into the particle formation vessel with a 
smooth, continuous and preferably pulse-less or substantially pulse-less flow. This 
again helps prevent draw-back of fluids. Conventional apparatus may be used to 
ensure such fluid flows. 

The densities of the fluids used will depend on the operating conditions; in the 
case where supercritical carbon dioxide is used as the anti-solvent fluid, its density 
might typically be between 0. 1 and 0.9 g/ml. 

The method of the invention preferably additionally involves collecting the 
particles following their formation, more preferably in the particle formation vessel 
itself. The method may also involve recovering the supercritical or near-critical 
solution formed on extraction of the vehicles into the anti-solvent fluid, separating the 
components of the solution and re-cycling one or more of those components for fiiture 
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use. 

The method is preferably carried out in a substantially continuous, as opposed 
to batch-wise, manner. 

The present invention will now be described, by way of example only, with 
reference to the accompanying illustrative drawings, in which: 

Fig 1 illustrates schematically how a method in accordance with the present 
invention may be carried out; 

Figs 2-4 are longitudinal cross sections through nozzles which may be used in 
carrying out the methods of the invention; 

Fig 5 is an X-ray powder diffraction profile for the product of Example 2 

below; 

Figs 6 and 7 are X-ray powder diffraction profiles for pure salmeterol 
xinafoate and paracetamol respectively, for comparison with Fig 5; 

Fig 8 is a high performance liquid chromatography (HPLC) chromatograph for 
the product of Example 2; 

Fig 9 is an HPLC chromatograph for a paracetamol calibration standard, for 
comparison with Fig 8; and 

Figs 10 and 1 1 are scanning electron microscope (SEM) photographs of the 
products of Examples 1 and 2 respectively. 

Detailed description 

Referring firstly to Fig 1, the apparatus illustrated may be used to carry out a 
method in accordance with the present invention, as follows. 

A supercritical or near-critical anti-solvent fluid 1 (such as supercritical carbon 
dioxide) is introduced into a particle formation vessel 2 via a suitable fluid inlet such 
as nozzle 3. Co-introduced with the anti-solvent, also via nozzle 3, are a solution or 
suspension 4 of a target substance in a first vehicle, and a second vehicle 5. In the 
case shown, the anti-solvent passes through a cooler 6, pump 7, heat exchanger 8 and 
pulse dampener 9; the target solution/suspension passes through pump 10 and the 
second vehicle passes through pump 1 1 . 

The temperature and pressure inside the vessel 2 are controlled by means of 
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the surrounding oven 12 and the back pressure regulator 13, to ensure that 
supercritical or near-critical conditions are maintained throughout particle formation. 
Thus, the solution formed when the anti-solvent extracts the two vehicles is also 
present as a single-phase supercritical/near-critical fluid. 
5 The particles formed on contact between the anti-solvent and the other fluids 

are collected in the retaining device (such as a filter) 14, and the fluids are vented at 
15. 

Suitable nozzles for use in the Fig 1 apparatus are shown in Figs 2-4. In each 

case, the nozzle comprises two or more concentric, coaxial passages - two in the Fig 2 
1 0 nozzle, three in the Fig 3 nozzle and four in the Fig 4 nozzle. Also in each case, at 

least one inner nozzle passage terminates slightly upstream (in use) of the outlet of 

one of its surrounding passages. 

The Fig 2 nozzle, for instance, comprises an inner passage 20 and an outer 

passage 21 with respective internal diameters of 0.35 mm and 0.75 mm. A target 
1 5 solution/suspension may for instance be introduced through the inner passage and a 

mixture of an anti-solvent fluid and a second vehicle through the outer passage. The 

nozzle outlet diameter is 0.2 mm. Its central longitudinal axis is indicated by a dashed 

line. 

The Fig 3 nozzle comprises inner, intermediate and outer passages 22, 23 and 
20 24 respectively. Inner passage 22 terminates upstream of the outlet of the 

intermediate passage 23, allowing a degree of internal mixing to occur between fluids 
introduced through those two passages, immediately before they contact a third fluid 
(eg, an anti-solvent fluid) introduced through the outer passage 24. The arrows 
indicate generally the directions of fluid flow through the in-use nozzle. 
25 The Fi 8 4 nozzle comprises four coaxial passages, 25-28, again with staggered 

outlets. It may be used, for instance, to introduce a target solution/suspension through 
passage 26, and a second vehicle through the surrounding passage 27, "sandwiched" 
between inner and outer flows of an anti-solvent fluid in passages 25 and 28. 

30 
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Experimental examples 



Example 1 

Using apparatus of the type illustrated in Fig 1, and a three-passage nozzle of 
the type shown in Fig 3, the method of the invention was used to co-precipitate two 
target substances, salmeterol xinafoate and paracetamol, to form an intimate mixture 
of the two pharmaceuticals. *" 

The paracetamol was introduced in the form of a 1 .5% w/v solution in a first 
vehicle (water), via the inner nozzle passage, with a flow rate of 0.04 ml/min. The 
salmeterol was introduced as a 0.5% w/v solution in a second vehicle, 1-butanol, 
through the intermediate nozzle passage, at a flow rate of 1 ml/min A supercritical 
carbon dioxide anti-solvent was introduced, with a flow rate of 1 8 ml/min (measured 
at the pump head), through the outer nozzle passage. 

Water and 1-butanol are immiscible, and of the two only 1-butanol is soluble in 
supercritical carbon dioxide under the operating conditions used. 

The particle formation vessel was a 50 ml Keystone vessel, maintained 
throughout the experiment at 150 bar and 50 °C. Under these conditions carbon 
dioxide is more liquid-like than gas-like in properties. 

The product was a fine, free flowing, white powder, which was collected in the 
vessel and subsequently stored free from light and moisture. Its SEM photograph, 
taken at 150x magnification, is shown in Fig 10. 

Example 2 

Example 1 was repeated but with a 0.2% w/v salmeterol xinafoate solution 
rather than 0.5% w/v. 

Again, the product was a fine, free flowing white powder, in which HPLC 
analysis confirmed the presence of paracetamol. 

The X-ray powder diffraction profile for the product (Fig 5) differed slightly 
from those obtained for pure salmeterol (Fig 6) and pure paracetamol (Fig 7), 
indicating that an intimate mixture had been formed between the two co-precipitated 
drugs. 
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HPLC analysis of the product (Fig 8) confirmed the presence of paracetamol in 
the powder mixture - a clear peak was produced at a similar retention time to that 
found for the paracetamol standard (Fig 9). 

An SEM photograph of the product, taken at 150x magnification (Fig 11), 
shows a considerable difference in crystal habit between the products of Examples 1 
and 2. This change may be due to the lower salmeterol solution concentration and the 
resultant higher paracetamol concentration in the final product of Example 2. 
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